Introduction
============

Gastric cancer is the fourth most frequently diagnosed cancer and the second leading cause of cancer-associated mortality worldwide ([@b1-ol-0-0-5614],[@b2-ol-0-0-5614]). Despite recent advances in adjuvant and neo-adjuvant therapy and improved understanding of gastric cancer biology, progress in the treatment of gastric cancer has been limited. Gastric cancer has a high recurrence rate and \>50% of patients succumb to this disease within 3 years of diagnosis ([@b3-ol-0-0-5614]), highlighting the requirement for novel treatment regimens ([@b4-ol-0-0-5614]).

The use of natural products in gastric cancer therapy has been the focus of a number of studies ([@b5-ol-0-0-5614]--[@b9-ol-0-0-5614]); licorice is a traditional herbal medicine that originates from the licorice root, and is one of the most commonly prescribed herbs in China for the treatment of various diseases, including microbial infections and cancer ([@b10-ol-0-0-5614],[@b11-ol-0-0-5614]). Licochalcone A (LCA; C~21~H~22~O~4~; molecular weight, 338.4) is the primary active compound in the licorice species *Glycyrrhiza glabra* and is an estrogenic flavonoid with antiparasitic, antibacterial and antitumor properties ([@b12-ol-0-0-5614]--[@b14-ol-0-0-5614]). It has been demonstrated previously that LCA is the most cytotoxic licorice compound, and is able to inhibit the growth of gastric cancer cells by arresting cell cycle progression and inducing apoptosis ([@b15-ol-0-0-5614]). The current standard chemotherapeutic regimen for gastric cancer is 5-fluorouracil (5-FU)-based combined chemotherapy, and various herbal extracts are widely used for the treatment of gastric cancer, including paclitaxel and curcumin ([@b16-ol-0-0-5614],[@b17-ol-0-0-5614]). In addition, in cases where a novel therapeutic is used for the treatment of gastric cancer, 5-FU is frequently used as a combination therapy ([@b18-ol-0-0-5614]). In the present study, the inhibitory effects of LCA on gastric cancer cells alone and in combination with 5-FU were evaluated.

Materials and methods
=====================

### Cell culture and reagents

The SGC7901 (moderately differentiated) and MKN-45 (poorly differentiated) human gastric cancer cell lines were purchased from the American Type Culture Collection (Manassas, VA, USA) and cultured in RPMI-1640 (Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Thermo Fisher Scientific, Inc), 1% Gibco^®^ Glutamax™ (Thermo Fisher Scientific, Inc.) and 1% penicillin and streptomycin, and maintained in an incubator at 37°C with a humidified atmosphere containing 5% CO~2~.

### Cell proliferation assay

SGC7901 and MKN-45 cells were seeded in 96-well plates at a density of 1,000 cells/well with 100 µl complete culture medium. Following adhesion for 24 h, cells were treated with LCA (Phytomarker Ltd., Tianjin, China) or LCA plus 5-FU (Shanghai Xudong Haipu Pharmaceutical Co., Ltd., Shanghai, China) at various concentrations (diluted to 15.625, 31.25, 62.5, 125 and 187.5 µg/ml in complete medium). In a previous study ([@b15-ol-0-0-5614]), the selected concentration of LCA was 25 µM. Cells that were not exposed to LCA or 5-FU were used as negative controls (blank). Following LCA or LCA plus 5-FU treatment, the supernatant was removed, 100 µl RPMI-1640 medium containing 10 µl Cell Counting Kit-8 (CCK8; Dojindo Molecular Technologies, Inc., Kumamoto, Japan) was added to each well and the cells were incubated at 37°C for 3 h. The culture plates were then agitated for 10 min at room temperature 20°C and optical density (OD) values were read at 450 nm using a microplate reader (SpectraMax 190; Molecular Devices, LLC, Sunnyvale, CA, USA).

### Cell cycle analysis

Cells (3×10^5^) were plated in RPMI-1640 medium and then treated with 25 µM LCA and 15.625 µg/ml LCA plus 5-FU. The cells were harvested at 0 and 48 h, suspended in 300 µl PBS, mixed with cold ethanol (700 µl) and incubated at 4°C overnight. Following centrifugation at 4°C 1,000 × *g* for 5 min, the pellet was washed with cold PBS, resuspended in 500 µl PBS and incubated with 50 µl RNase (final concentration, 20 µg/ml) at 4°C for 30 min. Subsequently, the cells were incubated with propidium iodide (final concentration, 50 µg/ml) at 4°C for 30 min in the dark. The cell cycle distribution was then determined using a FACSAria Flow Cytometer (BD Biosciences, Franklin Lakes, NJ, USA).

### Apoptosis analysis

LCA and LCA plus 5-FU-induced apoptosis in SGC7901 and MKN-45 cells was determined using flow cytometry with the Annexin V-fluorescein isothiocyanate (FITC) Apoptosis Detection kit (BioVision, Inc., Milpitas, CA, USA) according to the manufacturer\'s protocol. Briefly, 3×10^5^ cells were plated and treated with 25 µM LCA or 15.625 µg/ml LCA plus 5-FU for 24, 48 and 72 h. To prepare for staining analysis, cells were harvested, washed in PBS and incubated with Annexin V and propidium iodide in binding buffer at room temperature for 10 min in the dark. The stained cells were analyzed using a FACSAria flow cytometer.

### Western blot analysis

SGC7901 and MKN-45 whole cell lysates were produced using radioimmunoprecipitation assay buffer (Beyotime Institute of Biotechnology, Shanghai, China) to lyse the cells, followed by centrifugation at 4°C and 12,000 × *g* for 5 min and collection of the supernatant fraction for immunoblotting. The proteins (50 µg) were separated using 5--10% SDS-PAGE and transferred onto a nitrocellulose membrane. Following blocking with 5% nonfat milk in blocking buffer (20 mM Tris-buffered saline containing 0.1% Tween-20; pH 7.5), the membranes were incubated with primary antibody at 4°C overnight and then incubated at room temperature for 1 h with the appropriate horseradish peroxidase-conjugated secondary antibody. The primary antibodies were anti-B-cell-lymphoma-2 (Bcl-2; \#ab7973; Abcam, Cambridge, UK), anti-Bcl-2-associated X protein (Bax; \#2772; Cell Signaling Technology, Inc., Danvers, MA, USA), anti-caspase 3 (\#ab44976; Abcam), anti-poly ADP ribose polymerase (PARP; \#AP102-1; Beyotime Institute of Biotechnology), anti-tumor protein (p)53 (\#op43T; Merck Millipore, Darmstadt, Germany), anti-p27 (\#2747-1; Epitomics, Burlingame, CA, USA), anti-p21 (\#ab109520; Abcam), anti-mouse double minute 2 homolog (MDM2; \#ab16895, Abcam) and anti-GAPDH (\#AP0063; Bioworld Technology Inc., St. Louis Park, MN, USA). GAPDH antibodies were diluted to 1:5,000 in blocking solution. The dilutions for all other primary antibodies were as follows: Caspase 3 (dilution, 1:1,000), Bcl-2, Bax, p21, p27, p53, PARP (dilution, 1:500) and MDM2 (dilution, 1:50). The secondary antibodies included horseradish peroxidase-linked anti-mouse immunoglobulin G (dilution, 1:5,000; sc-358914) and anti-rabbit immunoglobulin G (dilution, 1:4,000; sc-2357) (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) at room temperature for 1 h. The immunoreactive bands were visualized using the Enhanced Chemiluminescence plus Western Blotting Detection system, which was purchased from Bio-Rad Laboratories, Inc. (Hercules, CA, USA). GAPDH was used as a loading control for each sample.

### Statistical analysis

The experimental data were all expressed as the mean ± standard deviation, and statistical differences between groups were evaluated with a two-tailed Student\'s t-test using SPSS version 13 (SPSS, Inc., Chicago, IL, USA). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### LCA induces inhibition of gastric cancer cell proliferation

The cytotoxicity of LCA and LCA plus 5-FU against the SGC7901 and MKN-45 gastric cancer cell lines was evaluated. Cell proliferation was observed at 24, 48 and 72 h following treatment. MKN45 cells were moderately sensitive to 5-FU, and SGC7901 cells were relatively resistant to 5-FU. Therefore, the most appropriate concentration of 5-FU was determined as 15.625 µg/ml. [Fig. 1](#f1-ol-0-0-5614){ref-type="fig"} presents the relative OD values of SGC-7901 and MKN-45 cells following exposure to the blank (BL; negative control), LCA and LCA plus 5-FU. Compared with the control group, cancer cell proliferation was significantly inhibited by LCA alone (SGC7901, P=0.011; MKN-45, P=0.016) and LCA in combination with 5-FU (SGC7901, P=0.004; MKN-45, P=0.029). This inhibitory effect was more pronounced in the combination group, compared with LCA alone ([Fig. 1](#f1-ol-0-0-5614){ref-type="fig"}).

### LCA-induces G~2~/M phase arrest and 5-FU induces G~0~/G~1~ phase arrest in human gastric cancer cells

The results from a previous study revealed that LCA may induce G~2~/M phase arrest by affecting the levels of cyclin A, cyclin B, retinoblastoma and MDM2 ([@b9-ol-0-0-5614]). The present study further examined the effects of LCA alone or in combination with 5-FU on the cell cycle distribution of gastric cancer cells. The cell cycle distribution of the cells following exposure to LCA or LCA plus 5-FU for 48 h is presented in [Table I](#tI-ol-0-0-5614){ref-type="table"}. The SGC-7901 cells treated with LCA exhibited significant G~2~/M phase arrest compared with the cells treated with LCA plus 5-FU (27.04±0.81 vs. 16.25±0.90%, respectively; P\<0.001; [Fig. 2A](#f2-ol-0-0-5614){ref-type="fig"}) or the blank cells (27.04±0.81 vs. 19.87±0.23%, respectively; P\<0.001). A higher proportion of the SGC7901 cells treated with LCA plus 5-FU exhibited G~0~/G~1~ arrest compared with the blank cells (67.67±0.77 vs. 37.66±0.46%, respectively; P\<0.001) or LCA alone (67.67±0.77 vs. 26.32±0.77%, respectively; P\<0.001). G~2~/M phase arrest was also observed in the MKN-45 cells treated with LCA and with LCA and 5-FU in combination (12.58±0.77 vs. 3.79±0.33%, respectively; P\<0.001; [Fig. 2B](#f2-ol-0-0-5614){ref-type="fig"}) for 48 h. The MKN-45 cells treated with LCA also exhibited increased G~2~/M arrest compared with the blank cells (12.58±0.77 vs. 11.21±0.68%, respectively); however, this result was not statistically significant (P=0.084). By contrast, the MKN-45 cells treated with LCA plus 5-FU exhibited a significantly lower frequency of G~0~/G~1~ arrest compared with the blank cells (50.60±1.62 vs. 63.21±0.84%, respectively; P\<0.001) or LCA alone (50.60±1.62 vs. 68.12±0.94%, respectively; P\<0.001). [Fig. 2C-E](#f2-ol-0-0-5614){ref-type="fig"} present the cell cycle distribution of the SGC7901 cells following exposure to the blank ([Fig. 2C](#f2-ol-0-0-5614){ref-type="fig"}), LCA ([Fig. 2D](#f2-ol-0-0-5614){ref-type="fig"}) and LCA combined with 5-FU ([Fig. 2E](#f2-ol-0-0-5614){ref-type="fig"}). These data suggest that LCA-induced growth inhibition in gastric cancer cells may be associated with the induction of G~2~/M arrest in the two gastric cancer lines, whereas 5-FU inhibited cell proliferation by inducing cell cycle arrest during the G~0~/G~1~ phase in the moderately differentiated SGC-7901 cells. This result is concordant with a previous study, which demonstrated that 5-FU was able to induce G~0~/G~1~ arrest in tumor cells ([@b19-ol-0-0-5614]).

### LCA and its combination with 5-FU induces apoptosis in human gastric cancer cells

To determine whether LCA is able to inhibit growth in gastric cancer cells by inducing apoptosis, SGC7901 and MKN-45 cells were treated with LCA (25 μM) and LCA plus 5-FU (15.625 µg/ml) as aforementioned. Apoptotic cell numbers were assessed using an Annexin V-FITC Apoptosis Detection kit. The results revealed that exposure of MKN-45 cells to LCA resulted in a significant increase of apoptotic cells in a time-dependent manner (13.27±0.24% apoptotic cells at 24 h, 17.21±0.65% at 48 h and 18.16±0.22% at 72 h; P\<0.001). The exposure of MKN-45 cells to LCA plus 5-FU also significantly increased the number of apoptotic cells over time (14.88±0.39% apoptotic cells at 24 h, 22.62±0.13% at 48 h and 42.55±0.72% at 72 h; P\<0.001), and more apoptotic cells were detected when the MKN-45 cells were exposed to LCA plus 5-FU as compared with LCA treatment alone ([Fig. 3A](#f3-ol-0-0-5614){ref-type="fig"}). The SGC-7901 cells also exhibited dose-dependent apoptosis when exposed to LCA or LCA plus 5-FU; however, this varied from the results observed in MKN-45 cells. SGC-7901 cells exposed to LCA alone exhibited higher levels of apoptosis compared with those treated with LCA plus 5-FU at 48 and 72 h (14.07±0.56 vs. 11.56±0.26% at 48 h, P\<0.001; 28.82±0.48 vs. 24.23±0.51% at 72 h, P\<0.001) ([Fig. 3B](#f3-ol-0-0-5614){ref-type="fig"}). This may be due to the relative resistance of SGC7901 cells to 5-FU ([@b20-ol-0-0-5614]). The number of apoptotic cells was markedly higher in cell samples treated with LCA compared with the blank controls (6±0.47 vs. 8.19±0.30% apoptotic cells at 24 h, 6.62±0.47 vs. 14.07±0.56% at 48 h and 8.52±0.24 vs. 28.82±0.48% at 72 h; P\<0.001). This effect was more pronounced in cell samples treated with LCA plus 5-FU, except for SGC-7901 cells, which were relatively resistant to 5-FU. These results indicated that LCA was able to effectively induce apoptosis in two gastric cancer cell lines and that combining LCA with 5-FU induced more apparent apoptosis.

### Effects of LCA on the expression levels of apoptosis and cell cycle-associated proteins in gastric cancer cells

The Bcl-2 family proteins are important in the regulation of apoptosis ([@b21-ol-0-0-5614]). A previous study revealed that LCA induces a dose-dependent increase in the expression levels of Bax and a decrease in the levels of Bcl-2 ([@b15-ol-0-0-5614]). The current study further analyzed the levels of Bcl-2 and Bax in cells treated with blank control, LCA and LCA plus 5-FU. Exposure of the SGC-7901 cells to LCA resulted in a significant increase (P\<0.001) in the expression levels of Bax protein and decreased levels of Bcl-2. A similar result was observed when SGC-7901 cells were exposed to LCA plus 5-FU, and the increase in Bax expression levels was more marked. The protein expression levels of Bax and Bcl-2 were similar to the blank control group following exposure to LCA or LCA plus 5-FU in the MKN-45 cells ([Fig. 4](#f4-ol-0-0-5614){ref-type="fig"}).

Caspase-3, an executioner caspase that is activated by caspase-9, cleaves a broad spectrum of cellular target proteins, including nuclear PARP, which leads to a cell-death cascade ([@b22-ol-0-0-5614]). To clarify the mechanism underlying the apoptotic signaling pathway activation mediated by LCA and 5-FU, the effects of LCA and LCA plus 5-FU on the activation of caspase-3 and PARP were examined. The gastric cancer cells that were exposed to LCA exhibited increased PARP cleavage. A trend of increased caspase-3 expression levels was observed in SGC-7901 cells, and to a lesser degree in MKN-45 cells. The increase of PARP and caspase 3 expression levels in gastric cancer cells that were exposed to LCA plus 5-FU was more marked compared with cells treated with LCA alone ([Fig. 4](#f4-ol-0-0-5614){ref-type="fig"}). This suggests that the canonical mitochondrial apoptotic signaling pathway is activated by LCA and that 5-FU may enhance the effects of LCA.

As p21 and p27 are important in the regulation of the cell cycle ([@b23-ol-0-0-5614]), the effects of LCA and 5-FU on the expression levels of these proteins were examined. As presented in [Fig. 4](#f4-ol-0-0-5614){ref-type="fig"}, treatment with LCA resulted in an increase in the expression levels of p21 protein in the SGC-7901 and MKN-45 gastric cancer cell lines. However, no statistically different change was observed in p27 expression levels following treatment with LCA, but there remained a trend of increase in SGC-7901 cells. These observations suggest that increased p21 and p27 expression levels be important for LCA-induced G~2~/M phase arrest in human gastric cancer cells. P53 and MDM2 also serve essential roles in the regulation of the cell cycle ([@b23-ol-0-0-5614]). Treatment with LCA alone or LCA plus 5-FU resulted in increased p53 protein expression levels ([Fig. 4](#f4-ol-0-0-5614){ref-type="fig"}), suggesting that LCA may affect the levels of p53 in gastric cancer cells.

Discussion
==========

The roots and rhizomes of licorice (*Glycyrrhiza*) species have been used globally as a natural sweetener and herbal medicine. Licorice root is a traditional medicine used primarily for the treatment of hepatitis C, peptic ulcers, and pulmonary and skin diseases ([@b24-ol-0-0-5614]). LCA is a natural phenol licorice compound isolated from the roots of *Glycyrrhiza* with numerous biological functions, including anti-angiogenesis, antiparasitic, antioxidant, antibacterial and anti-inflammatory activities ([@b25-ol-0-0-5614]). In the current study, the anti-cancer effects of LCA alone and in combination with 5-FU on gastric cancer cells were evaluated.

Gastric cancer is an aggressive disease with a poor prognosis, even when the lesions are completely resected without distant metastasis ([@b26-ol-0-0-5614]). A meta-analysis of phase 2 and 3 randomized gastric cancer trials demonstrated that combination chemotherapy improves the overall survival rates compared with single-agent chemotherapy or best supportive care ([@b1-ol-0-0-5614],[@b27-ol-0-0-5614]). However, the resulting toxicity remained significant and the survival benefit was modest ([@b4-ol-0-0-5614]). Therefore, the potential use of natural products in the treatment of gastric cancer has been the focus of previous studies ([@b5-ol-0-0-5614]--[@b9-ol-0-0-5614]). In the present study, LCA was able to inhibit cell proliferation, block cell cycle progression at the G~2~/M transition and induce apoptosis in gastric cancer cells. Thus, LCA may be a potential novel therapeutic agent for gastric cancer. In addition, 5-FU induced G~0~/G~1~ arrest in gastric cancer lines and enhanced the effects of growth inhibition and apoptosis, and may therefore be used as a combination treatment.

The dysregulation of the cell cycle is correlated with the process of tumor development ([@b28-ol-0-0-5614]). Cyclin-dependent kinases (CDKs) are key regulators of the cell cycle ([@b29-ol-0-0-5614]). This process also involves positive and negative regulatory factors, including the cyclin dependent kinase inhibitors (CKIs) p21 and p27 ([@b30-ol-0-0-5614]). p53 is activated in response to DNA damage and activates p21, which binds to and inhibits several CDKs resulting in cell cycle arrest and the induction of apoptosis in invading tumors ([@b31-ol-0-0-5614]). p27 is activated by TGF-β and also inhibits several CDKs, whereas MDM2 is a negative regulator of p53 and triggers cell cycle progression by reversing p53-mediated cell cycle arrest and apoptosis ([@b32-ol-0-0-5614]). Cyclins and CDKs are overexpressed and dysregulated in a variety of types of human cancer and p21 and p27 are frequently mutated and exhibit reduced expression levels ([@b33-ol-0-0-5614]). Human tumor formation often involves the deactivation of the tumor suppressor p53 and overexpression of the oncogene MDM2 ([@b34-ol-0-0-5614],[@b35-ol-0-0-5614]). The present study demonstrated that LCA treatment was able to increase the levels of p21, p27 and p53 and decrease the levels of MDM2 in gastric cancer cells, an effect that was amplified by treatment with LCA in combination with 5-FU.

The impairment of apoptosis (programmed cell death) is important in the pathogenesis and progression of cancer, and is a major barrier to effective treatment ([@b27-ol-0-0-5614]). Apoptosis is regulated by members of the Bcl-2 family that function upstream of the interleukin-1 converting enzyme family of cysteine proteases, also termed caspases ([@b36-ol-0-0-5614],[@b37-ol-0-0-5614]). During the induction of apoptosis, caspase proteases are sequentially activated and subsequently cleave several cellular substrates, including PARP, a nuclear enzyme involved in DNA repair, maintenance of genome integrity and post-translational modification of protein ribosylation ([@b38-ol-0-0-5614]). The current study demonstrated that LCA treatment increased the levels of Bax, caspase3 and cleaved-PARP and decreased the levels of Bcl-2 in gastric cancer cells. In addition, LCA may function synergistically with 5-FU.

In conclusion, the present study demonstrated that LCA exhibits antitumor activity *in vitro* by inhibiting cell proliferation, arresting cell cycle progression and inducing apoptosis in gastric cancer cells. 5-FU may enhance the antitumor effects of LCA, and further studies on the antitumor activity of LCA anti-tumor activity *in vivo* are required.
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![Cytotoxicity of LCA or/and 5-FU in the (A) SGC-7901 and (B) MKN-45 gastric cancer cell lines. Cytotoxicity was assessed using a cell-counting kit-8 assay at 1, 2, 3, 4, 5 and 6 days after treatment. All assays were performed in triplicate. BL, blank control; LCA, licochalcone A; 5-FU, 5-fluorouracil; OD, optical density.](ol-13-03-1695-g00){#f1-ol-0-0-5614}

![Effects of LCA on the cell cycle progression of gastric cancer cells. (A) SGC-7901 and (B) MKN-45 cell lines were exposed to BL, LCA and LCA combined with 5-FU for 48 h. The cell cycle distributions of SGC7901 cells when exposed to (C) blank control, (D) LCA (which induced growth inhibition associated with G2/M arrest) and (E) LCA combined with 5-FU (which induced G~0~/G~1~ arrest more markedly) for 48 h are presented. All assays were performed in triplicate. BL, blank control; LCA, licochalcone A; 5-FU, 5-fluorouracil.](ol-13-03-1695-g01){#f2-ol-0-0-5614}

![Induction of apoptosis in (A) MKN-45 and (B) SGC-7901 human gastric cancer cells following the administration of various treatments. Cells were exposed to BL, LCA and LCA plus 5-FU for 24, 48 and 72 h. All assays were performed in triplicate. BL, blank control; LCA, licochalcone A; 5-FU, 5-fluorouracil.](ol-13-03-1695-g02){#f3-ol-0-0-5614}

![Expression levels of cell cycle-associated proteins were determined using western blot analysis following the treatment of SGC-7901 and MKN-45 human gastric cancer cells with BL, LCA and LCA plus 5-FU for 48 h. Bcl-2, B-cell lymphoma 2; Bax, B-cell lymphoma 2-associated X protein; PARP, poly ADP ribose polymerase; p, tumor protein; MDM2, mouse double minute 2 homolog.](ol-13-03-1695-g03){#f4-ol-0-0-5614}

###### 

Cell cycle distribution of SGC-7901 and MKN-45 human gastric cancer cells following exposure to LCA or LCA plus 5-FU for 48 h.

  Cell line   Cell cycle stage   BL, (mean ± SD)%   LCA, (mean ± SD)%   LCA+5-FU, (mean ± SD)%
  ----------- ------------------ ------------------ ------------------- ------------------------
  SGC-7901    G~0~/G~1~          37.66±0.46         26.32±0.77          67.67±0.77
              S                  42.47±0.63         46.65±0.57          16.08±0.51
              G~2~/M             19.87±0.23         27.04±0.81          16.25±0.90
  MKN-45      G~0~/G~1~          63.21±0.84         68.12±0.94          50.60±1.62
              S                  25.58±1.43         19.31±0.34          45.61±1.88
              G~2~/M             11.21±0.68         12.58±0.77            3.79±0.33

BL, blank control; LCA, licochalcone A; 5-FU, 5-fluorouracil; SD, standard deviation.
